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R916Cytokinesis: RhoGEFs Control
a Developmental Cleavage SwitchNew findings provide evidence that developmentally staged RhoGEFs control
assembly of two alternative forms of cleavage furrows: the ‘Rappaport’
furrows, which govern division of Drosophila syncytial cortical division cycles,
and conventional spindle-directed furrows.Ling-Rong Kao and Timothy Megraw*
Cytokinesis is the final phase of cell
division, when the two daughter cells
acquire equal copies of chromosomes
at mitosis. The investigators who
devote themselves to this field are
a distinctive bunch, having banded
together into a mob called the
cytokinetic mafia (http://labs.bio.unc.
edu/Salmon/mafia/mafia.html).
Proclivities toward loyalty and
devotion serve them well for their craft,
as fidelity and precision is key to the
execution of cytokinesis. When a cell
makes this final commitment it will
accurately assemble a contractile ring
precisely at the site where the
chromosomes coalesced at
metaphase. This purse-string
assembly of actin and myosin II
filaments must assemble and then
constrict at the correct time and place
to assure accurate cell division and
segregation of the chromosomes.
The mitotic spindle is
a microtubule-based apparatus that
coordinates chromosome movement
at cell division and also cytokinetic
furrow assembly. In most animal cells,
the furrow forms during anaphase in
a narrow ring at the plasma membrane
at the site overlaying where the
metaphase chromosomes aligned.
Upon anaphase progression, an
antiparallel array of microtubules
assembles in between the moving
chromosomes (Figure 1A). These
antiparallel microtubules, the central
spindle, with their plus ends directed
toward the center, have a limited region
of overlap at the midzone. The central
spindle recruits signaling molecules
that are required to organize the
cytokinetic furrow. In addition to the
central spindle, the plus ends of
the astralmicrotubules, projecting from
the centrosomes at each spindle pole,
converge at the plasma membrane at
the site of furrow assembly. The central
spindle and the astral microtubules
both contribute to cytokinetic furrow
assembly [1,2].In a series of elegant and now classic
studies on cytokinesis, Ray Rappaport
used sanddollar embryos to dissect the
mechanisms that govern regulation of
furrow assembly by the mitotic spindle.
In one experiment, he showed that
when a sand dollar embryo was
perturbed at the first division by
insertion of a physical obstruction, the
resulting binucleate horseshoe-shaped
embryo generated cleavage furrows
above each anaphase spindle in the
second division [3] (Figure 1B). In
addition, Rappaport observed that a
third, ectopic furrow formed in between
the two spindles. Rappaport concluded
that these ‘non-spindle’ cleavage
furrows are formed from the
microtubule asters emanating from
centrosomes that overlap with each
other. These furrows are referred to as
‘Rappaport furrows’. It was later shown
that binucleate mammalian cells in
culture also assemble Rappaport
furrows [4] and that some cells can
accomplish cytokinesis efficiently
without functional centrosomes or
astral microtubules [2,5], yet the astral
microtubules and the central spindle
both contribute to furrow positioning
[6].Rappaport furrowsarenotmerelyan
experimental lark; embryonic cleavage
divisions in Drosophila assemble
Rappaport furrows exclusively during
the cortical cleavage cycles (Figure 1C).
Cytokinesis of a typical cell requires
the recruitment of centralspindlin and
the chromosomal passenger complex
(CPC), among other key factors, to the
central spindle at anaphase to regulate
furrow assembly. Astral microtubules
emanating from the centrosome
converge in the vicinity of furrow
assembly and contribute to the
regulation of furrow assembly. The
CPC and centralspindlin proteins
localize at the sites of microtubule
overlap in the central spindle where
they regulate the site of furrow
assembly at anaphase, and
centralspindlin is also localized to the
tips of astral microtubules at the
midzone [2,7]. The GTPase RhoA isa critical activator of cytokinesis at the
membrane where it promotes
contractile ring assembly through the
activation of effector molecules for
actin and myosin II assembly. The
activation of RhoA by the GTP
exchange factor RhoGEF, which
associates with centralspindlin, is
a critical step in cytokinesis [2,7].
In Drosophila early embryogenesis,
the first 13 nuclear divisions occur
rapidly and synchronously within
a shared cytoplasm [8]. Each syncytial
cycle occurs in about 10 minutes, and
in the last four cycles occurs within an
increasingly crowded cortical layer as
a syncytial blastoderm embryo. The
fourteenth cycle is much longer,
engaging an approximately 45-minute
membrane invagination process that
culminates with the cellularization of
the embryo to create the cellular
blastoderm containing more than
5,000 cells.
The Drosophila syncytial cortical
divisions present unique problems not
encountered by membrane-encased
cells. When the crowded nuclei divide
simultaneously in the same plane in
a shared cytoplasm, the neighboring
chromosomes embark on a collision
course at anaphase/telophase that
must be impeded in order to maintain
proper ploidy at each division. Thus,
the two chromosome sets at each
division must separate, but must also
be prevented from colliding with their
neighbors in the same cytoplasm. The
syncytial embryo achieves this by the
formation of Rappaport furrows
enriched in actin and invaginated
plasma membrane that surround each
mitotic figure like a cage in the rapidly
dividing embryo (Figure 1C). Unlike
‘conventional’ cell divisions, the
cleavage furrows in early embryos
assemble earlier, at prometaphase,
and are fully assembled at metaphase.
From Rappaport’s experiment
(Figure 1B), we can predict that the
astral microtubules, and not the central
spindle, will be critical for their
assembly. Indeed, syncytial embryos
lacking centrosomes fail to assemble
cleavage furrows and the
chromosomes collide with each other
at telophase [9–11]. These cleavage
furrows contain the components
involved in conventional furrow
assembly, but do not require myosin II
[12] nor do they contain or require
Pebble (Pbl), the RhoGEF required for
cytokinesis after cellularization at cycle
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Figure 1. Two RhoGEFs control assembly of
alternative cleavage furrows.
In Drosophila the RhoGEF Pebble (Pbl) regu-
lates assembly of central-spindle-activated
cleavage furrows (red), while RhoGEF2 regu-
lates assembly of the Rappaport furrows
(blue). (A) The furrow in a ‘canonical’ cell is
regulated by the central spindle. (B) In Rap-
paport’s classic sand dollar embryo experi-
ment, a binucleate cell forms two central
spindle furrows (red) and one non-spindle
furrow (blue) where the astral microtubules
converge. (C) In Drosophila embryonic cor-
tical cleavage cycles, only RhoGEF2-de-
pendent Rappaport furrows assemble.
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R91714 [13,14]. Instead, syncytial cleavage
furrow assembly requires a second
RhoGEF, RhoGEF2 [15].
In this issue ofCurrent Biology, Crest
et al. [16] now show that RhoGEF2 has
a specialized function in the promotion
of Rappaport furrows in Drosophila
early embryos. They found thatcentralspindlin and RhoGEF2 were
recruited to the Rappaport furrows in
cleavage stage embryos, and that
centralspindlin plus the CPC were
recruited to the central spindle, but that
neither RhoGEF was found at the
central spindle. Thus, these divisions
are poised to assemble a conventional
cleavage furrow, but they do not,
apparently because Pbl is not recruited
to the central spindle. Instead, only
RhoGEF2-dependent Rappaport
furrows assemble in syncytial cleavage
stage embryos.
Crest et al. [16] bypassed RhoA
activation by injecting active RhoA
directly into embryos. This resulted in
the assembly of a cleavage furrow
directly over the center of the spindle,
in addition to the Rappaport furrows. In
addition, they show that these
RhoA-induced ectopic furrows require
myosin II, unlike their Rappaport furrow
counterparts, and are therefore more
similar to conventional central-spindle-
induced furrows [1,2,12].
Thus, the Drosophila syncytial
embryo appears to repress the
recruitment of RhoGEF/Pbl, while
instead ushering in the use of
a specialized RhoGEF, RhoGEF2.
RhoGEF2 is necessary for proper
cleavage furrow assembly while Pbl is
not, and RhoGEF2 is dispensable for
cytokinesis beyond the early
cleavage cycles. These findings
suggest that there are mechanistic
differences between the Rappaport
and central spindle furrows that
RhoGEF2 is molecularly equipped to
satisfy.
Crest et al. [16] suggest a possible
mechanism. RhoGEF2 lacks the
RacGAP binding domain that is found
in RhoGEF/Pbl and the mammalian
homologs of RhoGEF that are
required for binding to the
centralspindlin component RacGAP,
providing an explanation for why it
does not get recruited to the central
spindle. This provides part of the
explanation, but offers new questions.
Previous work indicates that RhoGEF2
recruitment to the cleavage furrows
relies on recycling endosome
trafficking [17], but how does it anchor
at furrows and does it require
centralspindlin? How is Pbl repressed
from recruitment or activation by
centralspindlin at the midzone during
the cleavage cycles to favor exclusive
assembly of Rappaport furrows to
support syncytial nuclear divisions in
early development?It will be important to understand
more about the roles of different
RhoGEFs in other systems and cell
types and their contributions to furrow
assembly. Other types of divisions or
developmental scenarios are also likely
to rely upon Rappaport furrow
assembly to accomplish division.
References
1. Glotzer, M. (2009). The 3Ms of central spindle
assembly: microtubules, motors and MAPs.
Nat. Rev. Mol. Cell Biol. 10, 9–20.
2. Green, R.A., Paluch, E., and Oegema, K. (2012).
Cytokinesis in animal cells. Annu. Rev. Cell
Dev. Biol., epub ahead of print.
3. Rappaport, R. (1961). Experiments concerning
the cleavage stimulus in sand dollar eggs. J.
Exp. Zool. 148, 81–89.
4. Rieder, C.L., Khodjakov, A., Paliulis, L.V.,
Fortier, T.M., Cole, R.W., and Sluder, G. (1997).
Mitosis in vertebrate somatic cells with two
spindles: implications for the metaphase/
anaphase transition checkpoint and cleavage.
Proc. Natl. Acad. Sci. USA 94, 5107–5112.
5. Megraw, T.L., Kao, L.R., and Kaufman, T.C.
(2001). Zygotic development without functional
mitotic centrosomes. Curr. Biol. 11, 116–120.
6. Bringmann, H., and Hyman, A.A. (2005). A
cytokinesis furrow is positioned by two
consecutive signals. Nature 436, 731–734.
7. White, E.A., and Glotzer, M. (2012).
Centralspindlin: At the heart of cytokinesis.
Cytoskeleton http://dx.doi.org/10.1002/
cm.21065.
8. Rothwell, W.F., and Sullivan, W. (2000). The
centrosome in early Drosophila embryogenesis.
Curr. Top. Dev. Biol. 49, 409–447.
9. de Saint Phalle, B., and Sullivan, W. (1998).
Spindle assembly and mitosis without
centrosomes in parthenogenetic Sciara
embryos. J. Cell Biol. 141, 1383–1391.
10. Megraw, T.L., Li, K., Kao, L.R., and
Kaufman, T.C. (1999). The centrosomin protein
is required for centrosome assembly and
function during cleavage in Drosophila.
Development 126, 2829–2839.
11. Vaizel-Ohayon, D., and Schejter, E.D. (1999).
Mutations in centrosomin reveal requirements
for centrosomal function during early Drosophila
embryogenesis. Curr. Biol. 9, 889–898.
12. Royou, A., Field, C., Sisson, J.C., Sullivan, W.,
and Karess, R. (2004). Reassessing the role and
dynamics of nonmuscle myosin II during furrow
formation in early Drosophila embryos. Mol.
Biol. Cell 15, 838–850.
13. Hime, G., and Saint, R. (1992). Zygotic
expression of the pebble locus is required for
cytokinesis during the postblastoderm mitoses
of Drosophila. Development 114, 165–171.
14. Lehner, C.F. (1992). The pebble gene is required
for cytokinesis in Drosophila. J. Cell Sci. 103,
1021–1030.
15. Padash Barmchi, M., Rogers, S., and Hacker, U.
(2005). DRhoGEF2 regulates actin organization
and contractility in the Drosophila blastoderm
embryo. J. Cell Biol. 168, 575–585.
16. Crest, J., Concha-Moore, K., and Sullivan, W.
(2012). RhoGEF and positioning of
Rappaport-like furrows in the early Drosophila
embryo. Curr. Biol. 22, 2037–2041.
17. Cao, J., Albertson, R., Riggs, B., Field, C.M.,
and Sullivan, W. (2008). Nuf, a Rab11 effector,
maintains cytokinetic furrow integrity by
promoting local actin polymerization. J. Cell
Biol. 182, 301–313.
Florida State University, College of Medicine,
Department of Biomedical Sciences, 1115
West Call Street, Tallahassee FL 32306-4300,
USA.
*E-mail: Timothy.megraw@med.fsu.edu
http://dx.doi.org/10.1016/j.cub.2012.09.031
